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Water Distribution and Natural Moisturizer Factor
Content in Human Skin Equivalents Are Regulated
by Environmental Relative Humidity
Joke A. Bouwstra1, H. Wouter W. Groenink1, Joop A. Kempenaar1, Stefan G. Romeijn1 and Maria Ponec1
Human skin equivalents (HSEs) show great similarities to human native skin. However, one of the key processes
impaired under in vitro conditions is desquamation. Desquamation involves the degradation of the
corneodesmosomes, in which various enzymes participate. Activation of these enzymes is affected by several
microenvironmental factors such as pH and water level. The water level is assumed to depend on the presence
of natural moisturizing factors (NMF). In this study, the levels of water and one of the prominent NMF
components—pyrrolidone carboxylic acid (PCA)—were examined. In HSE generated under normal culture
conditions (93% relative humidity (RH)), the water level and PCA content appeared to be much lower than in the
native counterpart. To increase the water and PCA levels in HSE, a culture method was established in which HSE
was reconstructed under reduced RH. Although at 40% RH the PCA levels in reconstructed and native tissue are
similar, the hydration levels in reconstructed tissue remain still lower. Only topical application of water induced
marked swelling of corneocytes. This clearly shows that the stratum corneum water level in HSE is regulated by
other, still unknown, factors, in addition to NMF.
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INTRODUCTION
The outermost layer of the skin, the stratum corneum,
provides a barrier against unwanted influences from the
environment and protects the body against excessive water
loss. The stratum corneum is the final product of terminal
differentiation of the epidermis, which is a dynamic self-
renewing tissue: the loss of cells from the skin surface by the
desquamation process is compensated for by the production
of keratinocytes in the basal layer. In the basal layer of the
epidermis, cells proliferate, and as soon as keratinocytes
escape from the basal layer, the cells start to differentiate.
During migration through the stratum spinosum and stratum
granulosum in the direction of the skin surface, the cells
undergo a number of changes in both structure and
composition. When the cells arrive at the outermost layer
of the viable epidermis—the stratum granulosum—terminal
differentiation starts. The keratinocytes lose their cell
organelles and turn into chemically and physically resistant
cornified cells, the corneocytes. In the stratum corneum,
corneocytes are embedded in the intercellular lipid matrix.
Lamellar bodies serve as a carrier of precursors of stratum
corneum lipids. After extrusion of lamellar bodies at the
interface between the stratum granulosum and the stratum
corneum, the lipids are metabolized and form the densely
packed intercellular lipid matrix.
In native skin, the corneodesmosomes—the protein
aggregates bridging the intercellular regions—are degraded
toward the surface of the stratum corneum, which results in a
shedding of the surface corneocytes. In this way, the
thickness of the stratum corneum does not significantly
change. One of the striking differences between native and
reconstructed stratum corneum is the absence of desquama-
tion in human skin equivalents (HSEs). The key process
during desquamation is the degradation of the corneodesmo-
somes (Simon et al., 2001). This is regulated by a number of
enzymes, such as stratum corneum chymotryptic enzyme
(SCCE), stratum corneum tryptic enzyme, and three cathepsin
enzymes (Lundstrom et al., 1990; Suzuki et al., 1994;
Horikoshi et al., 1999, 2005; Igarashi et al., 2004). The
cathepsin enzymes are most active in an acidic environment,
whereas the activity of SCCE and stratum corneum tryptic
enzyme is optimal at a neutral pH (Rawlings et al., 2005).
Because the pH level drops close to the surface of the stratum
corneum, it is believed that the cathepsin family is more
active in the superficial layers of the stratum corneum,
whereas the activity of SCCE and stratum corneum tryptic
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enzyme is most pronounced in the deepest layers. The
enzyme activity also depends on the water activity in the
enzyme’s microenvironment (Harding et al., 2000; Watkin-
son et al., 2001). As a consequence, a reduction in the water
content beyond a certain level will slow the desquamation
process (Pierard et al., 2000; Simon et al., 2001; Watkinson
et al., 2001). To retain a sufficient amount of water in the
stratum corneum, a number of hygroscopic molecules are
present in the corneocytes. A well-known source for these
natural moisturizing factors (NMFs) is filaggrin (Rawlings
et al., 1994). In native skin, filaggrin is synthesized from
profilaggrin by a dephosphorylation step in the keratinocytes
in the uppermost layers of the viable epidermis. In a
subsequent step, filaggrin is hydrolyzed to the NMF. This
conversion, however, does not occur until filaggrin has been
moved just a few cell layers above the stratum corneum–
stratum granulosum interface (Harding and Scott, 1983;
Caspers et al., 2003; Rawlings, 2003; Rawlings and Harding,
2004). In maintaining a proper hydration level in the stratum
corneum, NMF should be present in the stratum corneum.
One of the main components is pyrrolidone carboxylic acid
(PCA), often used as an indicator to determine the amount of
NMF present in the stratum corneum. The generation of NMF
itself, however, is also dependent on the water level in its
microenvironment. A water level that is too low or too high
will impair the activity of the enzymes involved in the
production of the NMF components (Rawlings and Harding,
2004). A high relative humidity (RH) in the environment is
therefore expected to reduce the formation of NMF, as
demonstrated by de Declerqc et al. (2002). In addition to
NMF, glycerol and lactate have been shown to be of major
importance (Fluhr et al., 2003; Hara and Verkman, 2003;
Nakagawa et al., 2004). The source of glycerol is partially a
degradation product of the sebaceous lipids, but it might also be
produced during the conversion of phospholipids into free fatty
acids, at the interface between the stratum corneum and the
stratum granulosum. It has been suggested that lactate is also
produced from the sebaceous glands (Nakagawa et al., 2004).
In a comparison of the properties of the stratum corneum
of HSE with those of its native counterpart, great similarities
are observed, namely, (i) in the protein composition
constituting the impermeable cornified envelope surrounding
the corneocytes (Ponec et al., 2002); (ii) all major classes of
free lipids and lipids bound to the cornified envelope,
including all CER fractions, are present in similar relative
amounts in native skin and in HSE (Swartzendruber et al.,
1987; Wertz et al., 1989; Ponec, 2002); and (iii) the
crystalline lamellar organization in the stratum corneum: in
both human stratum corneum and the stratum corneum of
HSE the characteristic 13 nm lamellar phase has been
identified (Ponec et al., 2000, 2003).
The key factor that is impaired in HSEs is the desquama-
tion. For this reason, a prolongation of the culture time results
in a substantial thickening of the stratum corneum. As the
desquamation process is related to the water-holding proper-
ties in stratum corneum (Pierard et al., 2000; Watkinson
et al., 2001), this study examined the water distribution in
HSEs reconstructed at high and low RH.
RESULTS
Cryo-SEM allows the visualization of the various cell layers in
HSE
Water distribution can be visualized using cryo-planing in
combination with cryo-scanning electron microscopy (SEM).
Using this method, contrast in an image of unstained tissue is
related to the relief of the sample surface. A low-contrast
image is indicative of a very flat surface created by planing
the cryo-fixed samples. When, after freeze drying, an image
with high contrast is visualized, the dark regions correspond
to holes (lower regions) in the surface in which the water was
located before the freeze drying, whereas the bright regions
correspond to the higher regions of the sample surface,
typically being proteins (keratin) and lipids. Therefore, a high
water level in the tissue is related to a higher contrast in the
images caused by the presence of holes. No bound water can
be detected by this method.
A cross-section of HSE obtained by cryo-SEM is shown in
Figure 1a. The high contrast in the dermis and viable
epidermis represents the high water levels in these regions.
A small part of the dermis is seen with the collagen fibers, and
fibroblasts are aligned parallel to the viable epidermis.
A columnar cell layer is located on top of the dermis,
representing the basal layer of the viable epidermis, and the
cell boundaries and large cell nuclei in the keratinocytes are
clearly visible. The stratum spinosum, located on top of this
layer, can be characterized by the spiny appearance
(irregular shape) of the cells that are connected by desmo-
somes. On reaching the stratum granulosum, the cells flatten
and the appearance of the cells is characterized by a higher
contrast. The round nuclei are still visible. On reaching the
stratum corneum, the cells become elongated. The interface
between the stratum granulosum and the stratum corneum is
distinguishable by a strong reduction in contrast. The low
contrast in the stratum corneum is indicative of a very low
water level (see below).
Water distribution in the stratum corneum of HSEs and of native
human skin differs markedly
The electron microscopic images (Figure 1b and c) obtained
with HSEs cultured in the incubator (93% humidity) for 24
days under air-exposed conditions clearly show very low
contrast in the stratum corneum region. A higher-magnifica-
tion image of the stratum corneum also shows low contrast in
the stratum corneum of HSE, although the cell contours of the
corneocytes can be distinguished. However, the contrast is
markedly different from that of the native human skin
equilibrated for 24 or 48 hours in the incubator (Figure 1d
and e) at 93% RH. After equilibration for only a day, the
corneocytes of native skin are considerably swollen, and the
appearance of the interior of the cells indicates the presence
of many water domains. The presence of dark patterned
regions between the mesh of keratin filaments indicates the
localization of water. The keratin filaments are recognized as
the white lines separating the dark domains. Note that the
deepest layers in the stratum corneum show low contrast.
This has been noticed earlier (Bouwstra et al., 2003) and
indicates that even at high RH the corneocytes close to the
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viable epidermis do not swell, although low water levels
might be present in these cells. After incubation for 2 days at
93% RH, the appearance of the stratum corneum is different.
The cells are swollen, but are detached from one another by
very large water pools in the intercellular regions (see
arrows). Similarly, after 24 hours at 93% RH, the deepest
layers in the stratum corneum show low contrast, indicating
that the cells in this region do not swell.
A few stratum corneum cell layers are generated after 7 days
of air exposure
To examine the effects of buffer capacity on the epidermal
morphology, HSE was generated with medium containing
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
concentrations varying between 25 and 75mM. At 50mM
HEPES concentration, no change in pH was observed during
the entire culture period and the morphology of the HSE was
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Figure 1. Structure of reconstructed skin and human native skin visualized by cryo-SEM. (a) Cross-section of HSE reconstructed under normal incubator
conditions (371C at 93% RH). Owing to a short freeze-drying step, which removes water from the freshly sliced cross-section plane, the image reveals contrast in
the viable epidermis, which allows the visualization of the fibroblasts and collagen fibers in the dermis and the various cell layers in the epidermis: stratum
basale (sb), stratum spinosum (ss), stratum granulosum (sg), and stratum corneum (sc) can easily be recognized. Bar¼10 mm. (b) When focusing on the stratum
corneum, the cross-section is characterized by a very low contrast showing a flat surface. The flat surface is due to very low water levels in stratum corneum of
cultured skin grown in the incubator under normal conditions at 93% RH. Bar¼ 10 mm. (c) A higher magnification in the stratum corneum is depicted. Although
corneocytes and intercellular regions (see black arrows) can be distinguished, the contrast is very poor. Bar¼ 1 mm. (d) Excised human skin equilibrated in the
incubator for 24 hours. The corneocytes with the keratin network can clearly be distinguished. The intercellular regions can be recognized as dark lines (black
arrow) surrounding the cells (*). Close to the viable epidermis, a region is present with a gray appearance, suggesting that in this region a lower water level is
present. This region has also been identified in a previous study (Bouwstra et al., 2003) and most probably represents the stratum corneum region, in which
filaggrin is not yet metabolized into NMF. Bar¼10 mm. (e) Human skin equilibrated in the incubator for 48 hours. Water is present not only in the corneocytes (*)
but also in the intercellular regions. The water accumulates in water pools (wp) reducing corneocyte cohesion. Despite the high levels of water present in the
stratum corneum, the low hydrating layer between stratum corneum and viable epidermis is still present (white arrow). Bar¼ 10mm.
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not affected. Therefore, 50mM HEPES was selected as the
optimal HEPES concentration. In subsequent studies, HSE
was cultured at 371C using a closed cell system and HEPES-
buffered medium. No difference in morphology was observed
between HSE generated in the closed cell system and that
generated using normal culture conditions (data not shown).
Finally, the air-exposure period required to form a protective
layer of corneocytes was determined. For this, the cultures
were harvested after 4, 7, and 10 days of air exposure. The
morphology and the filaggrin expression are shown in
Figure 2. After a period of 4 days, no stratum corneum was
formed and filaggrin expression could not be visualized
(Figure 2a), whereas 7 days of air exposure resulted in the
formation of a few layers of stratum corneum. The expression
of filaggrin could be visualized using immunohistochemistry
(Figure 2b). Prolongation of the culture period to 10 days
resulted in the formation of a thicker stratum corneum,
whereas the expression of filaggrin remained confined to the
stratum granulosum layer. On the basis of these results, a
culture period of at least 7 days at 93% RH was selected to be
optimal prior exposure of the cultures to the reduced RH.
Water levels in stratum corneum of HSEs generated at lower RH
remain low, but HSEs grown at 60% RH contained the highest
water levels
The next step in optimizing the culture conditions under
reduced RH was to select the optimal time period required to
reduce the hydration level from 93 to 80%, 60%, and even to
40% RH. An instantaneous drop in RH from 93% to 60% or
40% did not result in a proper morphology of the HSE (data
not shown), whereas a reduction to 80% resulted in a normal
appearance of the reconstructed skin. Therefore, it was
decided to reduce the RH gradually. After the initial culture
period of at least 7 days under normal incubator conditions
(93% RH), the cultures were placed in a closed cell system
and the RH was reduced to (i) 80% RH in one step until the
end of the culture period (24 days), (ii) 80% for at least 2 days
followed by a reduction to 60% RH for the remaining culture
period, or (iii) 80% for at least 2 days, to 60% for at least 3
days, followed by a reduction to 40% for the remaining
culture period. These conditions resulted in the formation
of HSE with proper tissue architecture. As filaggrin is the
precursor of the NMF, the formation of filaggrin was
evaluated by immunohistochemistry (Figure 3). Clearly,
when the RH was gradually reduced, the morphology of
the HSE remained unaffected, and filaggrin was expressed
under all culture conditions. Small variations in the inter-
mediate culture periods did not affect the quality of the HSE.
To determine the water distribution in stratum corneum, HSE
was examined by cryo-SEM. The results are shown in
Figure 4. The HSE generated under 93% RH resulted in very
low stratum corneum water levels, as no contrast was
observed in the stratum corneum. Reducing the RH to 80%
did not increase the contrast in the stratum corneum, as
compared with the results obtained at 93% RH. The contours
of the cells are visible. However, the keratin filaments cannot
be recognized because of the absence of water in the
keratinocytes. This shows that the water level in the stratum
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Figure 3. Filaggrin expression in HSE cultures at reduced RH. Tissue
architecture and filaggrin expression in HSE grown at (a) 93% RH, (b) 80%
RH, (c) 60% RH, and (d) 40% RH. The morphology and filaggrin expression of
the cultures grown under reduced RH are similar to those in the incubator
(93% RH).
a b
c
Figure 2. Tissue architecture and filaggrin expression in HSE after (a) 4,
(b) 7, and (c) 10 days of air exposure. After 4 days no stratum corneum is
formed, but after 7 days a few stratum corneum layers are present. The
number of stratum corneum layers is extended after 10 days of air exposure.
Filaggrin expression is observed after 7 and 10 days of air exposure, whereas
after 4 days, filaggrin was not expressed.
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corneum remains very low despite a reduction in RH.
A reduction in RH to 60% resulted in an increase in image
contrast in the top half of the stratum corneum, revealing the
cell contours and keratin filaments as shown in Figure 4b and
c. In some cells, swelling is more pronounced than in other
regions in the stratum corneum. A further reduction in RH to
40% resulted in a low contrast in the stratum corneum, again
indicating very low hydration levels (see Figure 4d).
Obviously, a reduction in RH humidity did not result in a
drastic increase in the hydration of the stratum corneum;
however, at 60% RH, a higher water level was clearly
observed in stratum corneum than at 40% and 80% RH.
Increased PCA/protein levels were observed in stratum
corneum of HSEs generated at reduced RH
To examine whether a reduced RH promotes the formation of
NMF, the level of PCA, expressed as the PCA/protein ratio in
relation to the stratum corneum depth, was determined. The
stratum corneum was stripped, and from each tape strip the
PCA and protein levels were determined. Examples of PCA/
protein profiles of stratum corneum of reconstructed skin and
fresh dermatomed human skin are shown in Figure 5a and b,
as a function of strip number. In native human skin, a gradual
increase in PCA/protein levels with depth was observed in the
upper part of the stratum corneum, after which PCA/protein
levels remained at a constant value. This was not observed for
the HSEs: in HSEs cultured under normal incubator condi-
tions (93% RH and reduced RH), PCA/protein ratios did not
change with stratum corneum depth. Furthermore, the PCA/
protein levels in stratum corneum of HSEs were much lower
than observed in native human skin. In Figure 5c, the mean
values of the total PCA/protein levels of all collected strips of
HSE grown at various RH are provided together with the
values for native human skin. These data show clearly that a
reduction in the RH results in increased PCA/protein levels
and that the PCA/protein levels in HSEs grown at 40% RH
approach those in native human skin.
An increased hydration level was observed when the HSE was
re-exposed to 93% RH at the end of the culture period
The rationale for increasing the water levels in the stratum
corneum was to generate HSE at lower RH. However,
lowering the RH also leads to a reduced amount of water
available to hydrate the stratum corneum. For this reason, the
HSEs cultured at 40% or 80% RH were exposed to 93% RH at
the air/liquid interface during the last 2 days of the total
24-day culture period (from day 7 to day 22 at 80% or from
day 12 to day 22 at 40% RH). A cryo-SEM image of HSE
generated at 80% RH and subsequently exposed for 2 days to
93% RH is shown in Figure 6a and b. The individual cells
have a brighter appearance than in Figure 4a (exposure to
80% RH from day 7 to day 24) and are surrounded by darker
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Figure 4. Cross-sections of HSEs generated at different RHs. (a) 80% RH: low contrast is observed in the stratum corneum indicating low levels of water.
However, contours of the cells are visible, showing that a low level of water is present in the corneocytes. Bar¼10 mm. (b) 60% RH: an increase in contrast is
observed compared to the appearance of the stratum corneum cultured at 80% RH. In the upper half of the stratum corneum, the cells are more swollen and the
keratin network is clearly visible. Bar¼ 10 mm. (c) A higher magnification of HSE grown at 60% RH: cell contours (black arrows) and keratin filament network are
visible (*). An increased swelling of the cells is observed. This image shows a similar swelling of all cells. However, this is not the case in all images of HSEs grown
under the same RH. Bar¼ 1mm. (d) 40% RH: a low contrast is observed in the stratum corneum, similar to that in HSEs grown at 80% RH. Contours of cells are
visible. Bar¼ 10mm.
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boundaries representing the intercellular regions. The cells
are not equally swollen. In the more swollen cells, the
structure of the keratin filaments can be identified as white
lines forming a fine mesh. In the deepest layers of the stratum
corneum, no contrast is observed, indicating a very low water
level in these regions. When the RH is reduced to 40% RH
followed by a 2-day exposure to 93% RH, an increase in
the swelling of the corneocytes is also observed; cell
thickness is increased and the appearance of the keratin
network is observed (Figure 6c and d). The swelling is most
pronounced in the upper and central layers of the stratum
corneum of the HSE. The cell boundaries are visualized as
dark lines indicating the intercellular lipid regions. Although
the keratin filaments are clearly visible in the HSE, the keratin
meshwork is finer than that observed in native human skin
(see Figure 1). Furthermore, the corneocytes are considerably
less swollen than in native stratum corneum. Both observa-
tions indicate that less water is present in HSE than in native
stratum corneum exposed to the same environmental
conditions.
DISCUSSION
In the past few years, culture conditions have been
established to grow HSEs that show in many aspects high
similarities to native skin. This includes the presence of
various differentiation markers in the viable epidermis; the
presence of proteins involved in the formation of the
cornified envelope, including loricrin, involucrin, and proline-
rich proteins in the stratum corneum (Ponec et al., 2002); and
a lipid composition and organization in the stratum corneum
that closely mimic those in native stratum corneum (Ponec
et al., 2001). Because the suprabasal layers in the epidermis
are constantly renewed, cells proliferate in the basal layer
and migrate to the skin surface, during which differentiation
takes place. One of the key elements for retaining a constant
number of cell layers over time in native stratum corneum is
desquamation. This process is largely impaired in the stratum
corneum of HSE. The cohesion of the corneocytes in the
stratum corneum is due partly to the intercellular lipids
linking the corneocytes by physical interactions. However, in
addition to the lipids, the corneodesmosomes play a crucial
role in cohesion by chemically linking the corneocytes. This
means that one of the key events during desquamation is the
degradation of the corneodesmosomes. In a previous study, it
was established that in HSEs cultured in serum-free medium,
a Ca2þ gradient and the frequency of corneodesmosome
appearance were similar to those in native skin, indicating
that terminal differentiation is normalized (Vicanova et al.,
1998). The corneodesmosomes are degraded by a variety of
enzymes, such as SCCE and stratum corneum tryptic enzyme,
and the cathepsin family. In activating these enzymes, the
properties of their microenvironment, such as calcium and
water levels, local pH, and the presence of cholesterol sulfate,
play an important role. In a previous study (Ponec et al., 2002),
many of these aspects were examined in reconstructed skin.
It was shown that reduction in skin-surface pH, depletion
of Ca2þ by the application of EDTA, and activation of SCCE
precursors by trypsin application did not initiate the
desquamation process. An initiation of the desquamation
process could be induced only by mechanical treatment of
the cultures, simulating mechanical forces on the skin surface
in daily life.
Because the water level is one of the determinants for a
proper desquamation process (Watkinson et al., 2001) and
has not yet been established in reconstructed stratum
corneum, this study focused on the determination of water
level and distribution in HSE.
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Figure 5. Formation of stratum corneum and filaggrin expression after 4, 7,
and 10 days of air exposure. (a) PCA/protein ratios in sequential stratum
corneum tape strips from HSE grown at 80% RH as a function of the
cumulative amount of protein removed by tape stripping. The PCA/protein
ratio is constant as a function of tape-strip number. (b) Sequential tape strips of
native human skin as a function of the cumulative amount of protein removed
by tape stripping. (c) Native human skin and HSE grown at various RH. Mean
PCA/protein values are average values calculated from the sequential tape
strip. For each condition, the data of 5–12 different skin samples are used.
A reduction in RH results in an increase in PCA/protein value. Cultures grown
at 40% RH result in PCA/protein values similar to those in native human
stratum corneum.
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In the first part of our study, the water level and
distribution in reconstructed skin were compared to those
in native skin equilibrated under the same environmental
conditions. The water level in stratum corneum of HSE grown
under 93% RH is very low compared with the water level in
native skin exposed to the same humidity for 24 or 48 hours.
Therefore, appropriate modification of culture conditions
may lead to normalization of the hydration levels in stratum
corneum of HSEs. For native skin, one of the key factors in
establishing the water levels in stratum corneum is a proper
RH of the environment. Under such conditions, the hydro-
lysis of filaggrin can be activated. In vivo, an optimal RH
range between 75 and 90% has been established (Rawlings
and Harding, 2004). Therefore, a reduction in RH during
the culture period might result in increased water levels
within the stratum corneum. However, a low RH can be
applied only when the viable cells are sufficiently protected
by a thin layer of stratum corneum and when the HSE is
grown in a closed-loop cell system to prevent water
evaporation from the culture medium. This study shows
that an air exposure period of at least 7 days under 93% RH
is required to generate sufficient stratum corneum to protect
the viable cell layers from a dry environment. During this
period filaggrin, the precursor of NMF, is also formed. To
generate HSE at lower RH, a buffered medium should be
used, as in a closed system no CO2 exchange between
environment and medium is possible. Our studies revealed
that a buffer capacity of 50mmol HEPES is close to optimal,
as this did not lead to changes in the pH of the medium
during the culture period, while a normal histology of the
reconstructed skin was obtained. After at least 7 days of
culture at 93% RH, HSE was cultured under reduced RH
during the remaining period of the 24 days. Culturing HSE
under reduced RH resulted in a normal appearance of the
epidermis and the presence of filaggrin. Regarding the water
levels and water distribution, however, culture at the reduced
RH did not lead to normalization of the water levels in the
stratum corneum. Only slightly increased water levels were
observed when the HSE was reconstructed at reduced RH, for
which 60% RH seems to be optimal. The hydration level of
HSE cultured at 40 and 80% RH was increased slightly further
when the HSE was exposed to 93% RH during the last 2 days
of the culture period. After equilibration at 93% RH, the
keratin filament network and cell boundaries in stratum
corneum can be distinguished, demonstrating an uptake of
the water into the corneocytes. However, water levels similar
to those seen in native stratum corneum have not been
achieved.
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Figure 6. HSEs grown at reduced RH are re-exposed to 93% RH during the last 2 days of the culture period. (a) 80% RH until day 22 of air exposure followed
by 2 days exposure to 93% RH: the contrast in the stratum corneum is increased compared to reconstructed skin grown at 80% RH (see Figure 4a). The swelling
of the cells (*) is not homogeneous. The swollen cells have a brighter appearance and are thicker. A network of keratin filaments is visible in these swollen cells.
The corneocytes are surrounded by dark lines (see black arrows), representing intercellular regions. Low hydration layer is indicated by white arrow.
Bar¼10mm. (b) A higher magnification of the HSE cultured under the same conditions as described under (a). A keratin network and the cell boundaries are
clearly visible. Bar¼ 1mm. (c) 40% RH until day 22 of air exposure followed by 2 days exposure to 93% RH: the contrast in the stratum corneum is increased
compared to reconstructed skin grown at 40% RH (see Figure 4d). Black arrows, cell boundaries; white arrows, low hydration layer. Bar¼ 10mm. (d) A higher
magnification of HSE cultured under the same conditions as described in (c). Swelling of the cells (*) is clearly illustrated by the keratin network, especially in the
superficial layers of the stratum corneum. Bar¼ 10mm.
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Lower water levels in stratum corneum of HSE might be
due to lower levels of NMF. Therefore, insight into the NMF
production in HSE is also required. The first step in generating
NMF is the synthesis of filaggrin in stratum granulosum. It has
been shown that filaggrin is expressed in the stratum
granulosum in HSE, mimicking the expression in native skin.
The conversion of filaggrin to NMF, however, might be
impaired. For this reason, the levels of PCA, one of the main
components of NMF, in HSE were examined and compared
with those in native skin. The levels of PCA in HSE generated
at 93% RH were very low. When the RH was reduced, an
increase in the PCA levels to levels approaching those
detected in native skin was observed. These results show that
the production of NMF in vitro is related to the RH in the
environment, similar to the in vivo situation (Rawlings and
Harding, 2004). However, these results also show that very
low RH levels (40%) are required to generate PCA levels
similar to those found in native human skin. Furthermore, the
results show that despite normalized PCA levels, the
hydration levels in cultured stratum corneum do not reach
those observed in native stratum corneum. The rationale
behind this phenomenon is not yet known but might be one
of the following. (i) The corneocytes in HSE may fail to swell.
To examine this, in a pilot study, water was applied topically
for 48 hours on HSE grown at 60% RH and the effect was
evaluated using cryo-SEM. The results are shown in Figure 7.
The cells in the stratum corneum are considerably swollen
and frequently have a rounded shape. The keratin network is
clearly visible. Larger water domains, however, are also
present in the intercellular regions. Interestingly, a low-
hydration region close to the viable epidermis, similar to
those in native skin (Bouwstra et al., 2003), was observed.
These results show that keratinocytes in the stratum corneum
of HSEs have the ability to swell when a sufficient amount of
water is provided. (ii) The water/glycerol aquaporin-3
transporter is absent from the viable epidermis. Quite
recently, it has been shown that aquaporin transporters in
viable cell layers are of crucial importance for normalized
water levels in mouse skin (Choi et al., 2005). Furthermore, it
has been reported that tight junctions may also contribute to
the skin-barrier function (Furuse et al., 2002). It has not yet
been established whether aquaporins are present in HSEs or
whether the distribution of tight junctions is similar to that in
native skin. (iii) The absence of sweat and sebum production
in HSEs might result in low levels of salt, glycerol, and lactate
in reconstructed stratum corneum. A low-salt solution
reduces the osmotic forces for water to enter the stratum
corneum, whereas glycerol and lactate are both well-known
members of the NMF. Interestingly, the gradient of glycerol
and NMF in human skin in vivo (Caspers et al., 2003)—that
is, levels dropping from skin surface to the stratum
corneum–viable epidermis junction—suggests that the source
of these NMF entities is at the skin surface. It was recently
shown that lactate levels were related to the state of hydration
in stratum corneum in healthy subjects (Nakagawa et al.,
2004). This relationship could not be established between
amino acid-derived NMF and hydration. Furthermore, it has
been shown that administration of glycerol in asebia mice
(Fluhr et al., 2003) resulted in normalized water levels in
stratum corneum. Both studies indicate that filaggrin-derived
NMF might not be the only determining factor to normalize
water levels in stratum corneum.
In conclusion, HSEs can be cultured under reduced RH.
These culture conditions might have important advantages
when testing formulations, as the RH strongly influences the
dehydration rate and thus the longer term properties of a
formulation applied onto the skin. Application of formula-
tions on HSE grown under reduced RH might therefore mimic
the in vivo situation more closely than application on HSE
grown at 93% RH. However, although higher PCA water
levels were obtained after culturing of HSEs under reduced
RH, the hydration levels did not normalize to the same levels
as observed in stratum corneum of native skin. A low
hydration level was observed at the stratum corneum
epidermal junction, as in native skin. Normalization of the
water levels in reconstructed skin will certainly be the subject
of further studies in our group.
MATERIALS AND METHODS
Cell culture
Cultures from normal human keratinocytes were established from
mammary skin. The keratinocytes were cultured in three parts of
DMEM (Invitrogen, Leek, The Netherlands) and one part of Ham’s
F12 medium (Invitrogen) supplemented with 5% newborn calf serum
(NCS) (Roche, Almere, The Netherlands), 1% penicillin/strepto-
mycin solution, 1.1 mM hydrocortisone (Sigma, Zwijndrecht, The
Netherlands), 0.5mM isoproterenol (Sigma), and 0.1 mM insulin
(Sigma). After approximately 1 week, the cells reached 80%
confluence and were subsequently harvested. For generation of
HSEs, second passage cells were used.
Human dermal fibroblasts were cultured in DMEM, supplemen-
ted with 5% NCS and 1% penicillin/streptomycin, for approximately
1 week. After they reached approximately 80% confluence, the cells
were harvested.
The Declaration of Helsinki Principles were followed and the
patients gave their written informed consent.
wp
wp
wp
wp
Figure 7. A cross-section of HSE cultured at 60% RH. Water is applied onto
the skin surface during the final 2 days of culture. An extensive swelling of the
corneocytes is shown. In addition, water pools are also observed in the
intercellular regions reducing the cohesion between the cells. White arrows:
low hydration layer. Bar¼ 100mm.
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Dermal equivalents
Fibroblast-populated collagen matrices were prepared as described
earlier (Smola et al., 1998; El Ghalbzouri et al., 2002). Briefly,
hydrated collagen (4mg/ml) was isolated from rat tail. Dermal
equivalents were prepared by mixing a solution of collagen with a
buffer solution to achieve a final collagen concentration of 2.0mg/ml.
One milliliter of collagen solution was pipetted into Corning Trans-
well cell culture inserts (membrane diameter, 24mm, pore
size,3 mm; Sigma, The Netherlands) and polymerized for 15minutes
at 371C. Then 2ml of a collagen solution mixed at 41C with
fibroblast suspension, reaching a final concentration of 0.5 105/ml
fibroblasts, was pipetted into the inserts. After polymerization at
371C, DMEM supplemented with 5% NCS, 1% penicillin/strepto-
mycin, and 0.45 mM vitamin C (Sigma) was added to each culture.
The cultures were kept under submerged conditions for 1 week.
HSEs
Secondary cultures of normal human keratinocytes were seeded
onto the human fibroblast-populated collagen gels (0.5–1.0 106
keratinocytes/gel) and incubated overnight under submerged condi-
tions in 3 parts of DMEM and 1 part of Ham’s F12 medium
supplemented with 5% NCS, 1% penicillin/streptomycin, 0.5 mM
hydrocortisone, 0.5 mM isoproterenol, and 0.5 mg/ml insulin. After
1 day, the cultures were lifted to the air–liquid interface. The NCS
was reduced to 1% and the medium was additionally supplemented
with 0.01mM L-carnitine, 10mM L-serine, 1mM DL-a-tocopherol
acetate, and a lipid mixture of 25 mM palmitic acid, 15 mM linoleic
acid, 7 mM arachidonic acid with 0.024 mM bovine serum albumin.
The cultures were grown for an additional 24 days exposed to 93%
RH (standard incubator condition). After 3 days of air exposure, the
NCS was omitted, and the linoleic acid level was increased to 30 mM.
The culture medium was renewed twice a week. In some studies, the
cultures were harvested at days 4, 7, and 10 after air exposure.
Reduction of environmental humidity
For cultures grown under reduced humidity, it is necessary to
prevent evaporation of water from the medium, as this would lead to
increased concentration of medium ingredients. Therefore cultures
should grow in a closed system. To achieve this several steps were
taken:
(1) To design a closed system, it is necessary to set up culture
conditions under which no supply of CO2 is required (for
buffering function). To achieve this, a HEPES buffer with
optimal buffer capacity was selected. The presence of HEPES
should control the pH of the medium, but not induce any
undesired effects on the cultured cells. To select the optimal
buffer capacity, HSEs were cultured at 371C in six-well plates
(Costar, Schiphol, The Netherlands) with medium supplemen-
ted with 25, 50, or 75mM HEPES buffer.
(2) The next step was to grow the cultures in a closed system
(avoiding evaporation of water from the medium). The closed
system consists of Teflon cells designed in such a way that the
dermal side of the cultures faces the medium and the epidermal
side of the cultures is exposed to the humidity-controlled
environment simulating closely the in vivo conditions. The
medium is separated from the environment by a Teflon cover
ring. Costar inserts fit into the Teflon rings in such a way that the
side openings of the insert are exposed to the air. HSEs were
grown at 371C, as described above for normal conditions, but
using keratinocyte medium supplemented with HEPES buffer.
The quality of the HSEs was established by histology.
(3) The HSE was cultured under controlled RH. To achieve this, the
closed cell systems were placed in a desiccator, and the RH was
controlled by placing saturated salt solutions into the desicca-
tor. A RH of 80, 60, and 40% was obtained by using saturated
solutions of Na2S2O3  5H2O, Mg(NO3)2  6H2O, and
MgCl2 6H2O, respectively.
The generation of HSE under reduced RH was achieved by a
gradual decrease in RH. During the initial stage, HSEs were cultured
in the incubator (93% RH) to ensure the formation of stratum
corneum. To select the required period, HSEs grown in the incubator
were harvested after 4, 7, and 10 days of the air-exposed period
(see above). In the second period, the HSEs were mounted into the
closed cell system containing HEPES supplemented medium and the
RH was reduced either in one step or gradually. To accomplish
various relative humidities the following conditions were chosen:
(a) 80%: from 93% RH (incubator conditions) to 80% RH in one step.
(b) 60%: from 93% RH to 60% RH in one step or gradually, 80%
RH for at least 2 days and then to 60% RH.
(c) 40%: from 93% RH to 40% RH in one step or gradually, 80%
RH for at least 2 days, 60% RH for at least 3 days followed by
40% RH.
Under all conditions, the HSEs were cultured for 24 days at the
air–liquid interface. As at low RH conditions, the accessibility of
water in the environment to partition into the stratum corneum is also
reduced, and in some experiments, the HSEs were placed at 93% RH
during the last 2 days of the 24-day air-exposed culture period.
Morphology and immunohistochemistry
Harvested cultures were washed in phosphate-buffered saline (PBS)
solution and fixed in 4.0% (w/v) paraformaldehyde (Lommerse
Pharma, Oss, The Netherlands), gradually dehydrated, and
embedded in paraffin. Sections (3 mM) were cut, deparaffinized
in ethanol, and rehydrated for morphological analysis or immuno-
histochemical analysis of filaggrin. For morphological analyses, the
rehydrated sections were stained with hematoxylin and eosin for
light microscopic examination.
For immunohistochemical analysis, the sections were washed
twice with PBS (pH 7.4) and immersed in 0.01M sodium citrate
buffer (pH 6.0) for 30minutes close to the boiling temperature. The
samples were cooled for 90minutes and incubated with normal
human serum for 20minutes and washed with PBS. Incubation with
mouse filaggrin Ab-1 (Neomarkers, Union, CA) was performed
overnight at 41C. After being washed with PBS, the sections were
incubated for 30minutes with the second antibody and washed
again with PBS. Staining was performed by incubation with the
avidin–biotin–peroxidase complex (Dako, Glostrup, Denmark) for
30minutes. The samples were then subsequently washed with PBS,
0.1 M sodium acetate buffer, and amino-ethylcarbazole (Sigma)
dissolved in N,N-dimethylformamide (1 g/250ml) (Sigma) contain-
ing 0.1% hydrogen peroxide, and with water. Counter-staining was
performed with hematoxylin and eosin.
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Treatment of dermatomed human skin
Abdomen or breast skin was obtained with informed consent from
patients after cosmetic surgery from local hospitals, following the
Declaration of Helsinki Principles. Subcutaneous fat tissue was
removed, after which the skin was carefully cleaned with tissue
paper, which was earlier soaked in 70% ethanol. Then the skin was
dermatomed to a thickness of approximately 300mm (Padgett Electro
Dermatome Model B, Kansas City, MO) and either processed for
histology or placed on a cotton pad in a Petri dish moisturized with
0.5ml medium and incubated for 24 or 48 hours at 371C at 93% RH.
Cryo-SEM
Cryo-planing. Reconstructed skin was cut into pieces of
2 3mm2, folded, and fixed in a small copper ‘‘shoe-nail.’’ Tissue
freezing medium was used to fix the skin onto the shoe-nail (TBS,
Durham, NC). The samples were immediately rapidly frozen in
liquid propane (KF80, Reichert Jung, Vienna, Austria). The cryo-fixed
samples were placed in a sample holder in a cryo-ultramicrotome
(Reichert Ultracut E/FC4D). Then the samples were planed with a
specimen temperature of –901C and a knife temperature of 1001C.
The samples were first cut with a glass knife, after which the surface
was planed with a diamond knife (Histo No Trough, 8mm 451C,
Drukker International, Cuijk, The Netherlands).
SEM. After planing, the samples were placed in a cryo-transfer unit
(CT 1500 HF; Oxford Instruments, Oxfordshire, UK). The samples
were freeze-dried for 3minutes at 901C at 0.1 Pa to obtain contrast,
after which the samples were sputtered with a layer of 5 nm
platinum. Then the samples were transferred into the field emission
scanning electron microscope (Jeol 6400F, Tokyo, Japan). The
samples were analyzed at 1901C and the micrographs were
digitally recorded.
Stratum corneum stripping. HSE or dermatomed human skin
(serving as control) was clamped between two circular plates fixed
together with four screws. In the central part of the upper plate,
facing the stratum corneum side of the skin, a circular hole of 1 cm
diameter was made to perform tape stripping. Tape stripping was
carried out using an adhesive tape (Scotch Magic Tape 810, 3M,
Zoeterwoude, France), which was pressed onto the skin for
5 seconds.
Tape strips were then rapidly pulled off with one fluent stroke.
The direction of tape stripping was alternated.
Each tape strip was analyzed for protein and PCA content. The
protein content is a measure of the amount of removed stratum
corneum, whereas PCA is a measure of the amount of NMF in the
stratum corneum. For human dermatomed skin, 24 tape strips were
collected, whereas for reconstructed skin, tape stripping was
continued until the viable epidermis was reached.
PCA extraction and analysis by HPLC. After stripping, tape
strips were immediately extracted in vials containing 1ml 3mM
perchloric acid in KH2PO4 under continuous vortexing overnight.
The solution was then transferred to HPLC vials for injection onto
an HPLC system. The HPLC system consisted of a Separations
4000 Solvent Delivery System (H.I., Ambacht, The Netherlands)
equipped with a Gilson Model 234 automatic injector (Rijswijk,
The Netherlands), and a Waters 2487 UV absorbance detector
(Etten Leur, The Netherlands) set at a wavelength of 206 nm. Samples
were injected onto a Alltima RP C18 column (Alltech 88383, Breda,
The Netherlands) and eluted at 1ml/minute with a mobile phase
comprising buffer:acetronitrile (98:2). The buffer was prepared from
10mM KH2PO4 (1.36 g/l) and H3PO4 at pH 2.5. This resulted in a
retention time of 4minutes for PCA. The calibration curve ranged
from 0.1 to 6.45 mg/ml.
Protein analysis of the tape strips. To quantify the amount of
stratum corneum removed per tape strip, the PCA-extracted tape
strips were dried and put in glass vials containing 0.5ml 1 N NaOH.
The vials were sonicated for 30minutes, after which the vials were
shaken overnight. NaOH was neutralized with 100ml 5 M HCl to a
final pH between 7 and 10. Small pieces of weighted stratum
corneum were used as standard for the protein assay. Volumes of
50 ml of the samples and 0, 5, 10, 20, 30, 40, and 50 ml of the
standards were pipetted into 96-well plates. The volumes of the
standards were adjusted to 50 ml with 1 M NaOH:5M HCl (5:1). Then
200ml of BCA Protein Assay Reagent (Pierce, Rockford, IL) was
added. The plates were incubated for 2 hours after which the
absorbance was measured with the EL808 Ultra Microplate Reader
(Bioteks Instruments, Winooski, VT) at 595 nm.
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